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NOTATION 


1,16 data on the lateral-directional characteristics are referred to the 
body system of axes. The moment center is located at 55% of the body refer- 
ence length from the nose (49.6% of the actual length) and 7% of the length 
below the cone axis. The reference length and area are based on the length 

defined a as thi® 4) ‘ 2ero angle on a11 control surfaces is 
defined as the position where the control surface is tangent with the model 


. A* nozzle throat area 

A e nozzle exit area 

b reference span, 24.2 cm (0.793 ft) 

C7 rolling-moment coefficient, — moment 
u qSb 

pitching-moment coefficient, moment 

C yawing-moment coefficient, moment 

n qSb 

l reference length, 50.8 cm (1.667 ft) 

M free-stream Mach number 

P c nozzle chamber pressure, kN/m 2 

Pj jet exit static pressure, kN/m 2 

Pj 

P r n » exit static to free-stream static -pressure ratio 

*0O 

P« free-stream static pressure, kN/m 2 

q free-stream dynamic pressure, kN/m 2 


Re Reynolds number, based on reference length l 
R gas constant, N-m/kg-K 

S reference planform area, 896 cm 2 (0.9647 ft 2 ) 
s spanwlse location of Jet nozzles measured from centerline 
T gas total temperature, K 


ill 


m ap w a tm nlank not filmid 


a 

3 

Y 

6 


4 j 

6 , 


gle of attack, referenced to the cone axis, deg 
angle of sideslip, referenced to the cone axis, deg; 
specific heat ratio, 

c 

T^rrrr ^ ° f upp » «*• *- — 

W \r rlght roU is Positive aileron, deg 

e„ + ov, initial Jet-flow inolination sngie (see appendir,. deg 

(see fig.*2(b))° f der rer ****’ trallln * cd * e down is positive 

* r ^"ootion angle „ f rudder, A v 

only outward, left rudder is positive, dV iefl ~ t< 

4p£ ri,dder - fUre a »8 d e 0.5(0^ - ^ . , 5j ) f deg 

““ a ” 81 ' ° f ” !2U - » — PW of syaaetry, deg 

«„ average deflection angle of upper flaps, + <U 1 . 

A incremental value 


0 , 


N n °zzle exit internal wall ansle r nf. 

(see fig. 2(d)), deg 8 ’ reference d to nozzle centerline 


(see fig. 2(d)), deg 
v Prand 1 1-Meyer angle, deg 


Subscripts 
f full scale 

j conditions at jet exit 

L left 
® model 
R right 
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aerodynamic interactions from reaction controls for lateral control 

OF THE M2-F2 LIFTING-BODY ENTRY CONF1GORATION AT TRANSONIC AND 
SUPERSONIC MACH NUMBERS 
Rodney 0. Bailey and Jack J. Brovnson 
Anes Research Center 


SUMMARY 


j«. to" ;XcL t roi t %r^ c ^r^F2°i?f l t r i i:% the intetacti “ ° f reacts 

Interactions are presented for e M^h r"^ 

number range of 1.2xl0 6 to 1 6xl0 6 a flC oH „ . , to a Reynolds 

angle-of-attack range of to 20 * ‘ “d an ”°f an 

6” at an angle of attack of 6* IT,: VI, V a»«lo-of-8ldealip range of -6“ to 
small adverse yawing moment which^an h ?? jet ® produce ro11 control with 
ponent of canted jets. ' h b * offaet by the horizontal thrust com- 


INTRCDUCT ION 


tion controlijhfor . the . atmoa P here wil l depend on reac-- 

take effect. Consideration has Keen . C ° n r ° unbi * tbe aer °dynamic controls 
throughout the flight envelope for nontr^ 1 * employi " g reaction controls 

and roll and yaw control. The direct effects 8 of°the°th ***?* f 3 ’ pitch dam P in g 
on the forces and moments of the vehicle can d° f reaction jets 

ference effects of the reaction letn nn «■», eadily estimated. The inter- 

not readily determined Previoul at Hi th u aer ° dynamlc8 of the vehicles are 
jar Issuing perpendicular to a “atTlate M^ut mrlfl! “V” ! ff,ct * ° f * 
aro. a, complicated as the aft portion of UftLg JodJ “ ln “ 

indicis^^nnrsrof 1 ^ ssa :iti h tho 4 " e ?i M2 - F2 b °* ■“* 

vshuia. ThlS leading to tha crash of" a m£f 2 flight 


I..ulng R 1olT« D ^ d Af;.^ 11 . I ^" t :";n Plate'at^Transoni^^Ma ^ 2“ 
AEDC-TR-6 7-220, October 1967. No Foreign ""h " U " b "‘- 


The present investigation was undertaken to determine the interaction 
effects of reaction control jets used for roll control. Two gases, CO 2 and 
air, were used in the jet simulation. The effect of jet nozzle position on 
these interactions at various elevon and rudder control deflections was inves- 
tigated through a range of angles of attack and sideslip. 


MODEL 


Photographs of the 1/12-scale model of the M2-F2 are shown in figure 1 
and the model dimensions are presented in figure 2. The model was constructed 
of a fiberglass shell fitted to a steel plate that incorporated a mounting for 
a six-component strain— gage balance. The lower flap of the model was built in 
two sections; the sections were flat and were not curved at the edges to fit 
the body contour, as shown in the drawing. The two sections of the lower flap 
were always deflected together and the center gap was always taped closed. 

All control hinge lines were always sealed. Zero angle on all control sur- 
faces is defined as that position where the control surface is tangent with 
the model surface at the control hinge line. 

The reaction control jets were simulated by the use of cold gas flowing 
in converging/diverging nozzles. The location of the nozzles relative to the 
aft surface of the model is shown in figure 2(c). The design of the nozzles 
is discussed in the appendix. Figure 2(d) illustrates a typical nozzle con- 
figuration and gives the pertinent dimensions fot both nozzles. 

The nozzles were supported from the sting (fig. 1(c)). The nozzles were 
not in contact with the model, so no nozzle thrust loads were taken on the 
balance . 


TESTS 


The tests were conducted in the Ames 6— by 6-Foot Wind Tunnel over a 
Mach number range of 0.6 to 1.7. Most of the data were obtained in a Reynolds 
number range of 1.2x10® to 1.6x10® based on model reference length with some 
data obtained at Reynolds numbers up to 4.5*10® based on model reference 
length. Aerodynamic characteristics were measured through an angle-of-attack 
range of -9° to 20°, and through an angle-of -sideslip range of -6° to 6 # at an 
angle of attack of 6°. 

The gases used for jet simulation were air and C0 2 . High pressure air 
was used for the major portion of the testing because a large quantity was 
readily available. Carbon dioxide was selected because the specific heat 
ratio (y ” 1.28) was near that of decomposed hydrogen peroxide (y “ 1.27). 
Carbon dioxide was used for a limited portion of the test in an effort to 
assess the quality of the simulation obtained by the use of air and to evalu- 
ate the effect of changing the propellant gas specific heat ratio. The pres- 
sure ratios (Jet static to free-stream static) were selected to simulate the 
conditions of the flight envelope of the M2-F2 vehicle, as shown in figure 3. 


Test condition uncertainty 


Mach number “ +g.01 

Angles of attack and sideslip, deg +.1 
Control angles, deg +.3 


Data uncertainty 


Nominal Mach number 


Yawing aoaent ±0.0010 ±0.0005 ±0.0005 ±0.0008 ±0.0005 ±0.0003 +0 0003 
Rolling noment ±.0024 ±.0015 ±.0007 ±.0007 +.0009 ♦ 0003 ’**0001 
[Pitching »o«ent ±.0005 ±.0005 ±.0005 ±.0025 ±.0010 ^OlO Zolol 



RESULTS AND DISCUSSION 


V? 5 lllu8trate the variation of the jet interactions with 
angle of attack for two of the configurations tested. Data for the other con- 

S XT'ir" l / t ie 2 - pieur " 4 5 8h «“ . 

tiring jet on the left produced most of the jet interactions for the 
considered in this investigation. The moment increments are nearly indejen- 

dent of angle of attack except near Mach 1.0 at negative angles of attack as 
illustrated in figures 4(c), 4(d), 5(c), and 5(d). attack, as 


Effect of Jet Exit Pressure Ratio 

the effect, of Jet-exit pre.eure r.tio on the mmen, 
Interaction for thre. veluee of free-strean Mach nuaber. The effect of 

lncreaaed Jet-exit preeaure ratio on the aodel la Interpreted aa the effect ol 
increaaed altitude on th. flight vehlcia. The of altitude aho3n„tfc 
























second abscissa scale are based on an assumed value of 2.117xl0 6 N/m 2 for 
flight vehicle nozzle chamber pressure. 


The effect of increased jet-exit pressure ratio or increased altitude at 

either ^ seen to be 8 e “«ally an increased interaction, 

either positive or negative. * 

Fi ? U M C l U1 “ strates the effect of Reynolds number on the jet interac- 
aumbars of 0.6 and 1.1. Reynolds number has no significant 
effect on the jet interactions at these two Mach numbers. 


Jet bimulation Comparison 

. .f SUlb \ are ShoWn ln flgure 8 for nozzles Nos. 1 and 2 at the outboard 
scale^ 100 wi th n ° canting. Nozzle No. 1 was designed to simulate the full- 
" ith air 4 as Propellant. Nozzle No. 2 was a scale model of the 

niz^e So r"ith aL and 38 Pr ° Pe J lanb (table Ic *as expected then that 

that - -^sssrs- 

, lt „ is f ls ° noted in fi 8ure 8 that when air was used as propellant in 
rr le . No * 2 the intera ction in general tended to be somewhat larger in maeni- 

X h ‘V m <=«"“*“““»-• The increased M g^Uude of“he 
The is attributed to the increased nozzle exit momentum and mass flow 

The exit mass flow and momentum are proportional to y^Mi 2 . The value of this 
Para ” ate ? r ' 38 * 8 8bown jn table 1, was considerably lI J rg2r witS air ^ i^ 
the No. 2 nozzle than with either of the other two configurations. 

Figure 9 presents a comparison of the interactions caused by the air sim- 
ulation and the C0 2 simulation with the nozzles canted 15° and the left-hand 
nossln novsd into the 61% samispan locntlon. It is soon thot the ngrno^ 

of " 0 v and Mach ■ u “ ber8 vith the 

dirncS 

lloTJrt 3 f r r f le yawing m ° ment from the horizontal thrust component 
aiso decrease the interaction increments. Most of the reduction was wilh the 

downward-directed nozzle. The degree of canting for the flight vehicle I^Id 
ysw^n^^t 0 ;s a dIsSd? , handl1 " 8 CharaCt ‘ !rlatlCS as “ h °“ »ooh favorable 

crabl!^ 8 , 11 t 0 J l \ Sh ° W th3t a P anwlse Nation of the nozzle has a consid- 
erabie effect on the interaction increments. Movement of the downward- 

Janle T He 2 iit th * increment8 throughout the Mach number 

; . The interaction increments due to the upward-directed nozzle increase 

Iimbe« ^ m ° Vem ® nt at subsonic Mach numbers and decrease at supersonic Mach 
numbers. The nozzle positions resulting in the smallest interaction incre- 
ments through the Mach number range are the upward-directed nozzles in the 


4 




PMf' 






no» lc . „ th . w inboacJ 

iion of the downward-directed nozzle mav *" creTCnts ° f an intermediate loca- 
effectiveness of the lo„ g .r^« at^' ““»«»“e with the larger roll 

figure 14. Except for^M^O 1 ?” flap h defl Pe t< Md j l0 " er flaps may “en in 
effect on the interactions ^ ° doas not en, large 

H - 0.9 there is a reaction of t^ .' f tranda ulth Reflection. At * 
with a reduction of the lower flap def lection™* rolll “ 8 '* 10 * e " t Interaction 

effect on the Inunctions?' 15> a ” d yawin8 ° f the "“R* 5 (fig. 16) had little 

allerl C " P ^om”i^^!g“r!7 dir Se 1 mxht° nt h t 5“ 1 ,“ i t h r6actl ™ J«« and with 
required rudder-aileron interconnect VChicle ’ without the center fin, 

jets of nearly twice the thrust of those^ullted the ,® d ^ e ” se y aw - Reaction 
the same roll power as 20° of aileron 0 ^ Sl “ ulated wouid b « required to give 


CONCLUSIONS 


on «b/2$ 

and unfavorable yaiing-moLnt 1 Lteractions aV ° rahle rollln 8 - “ one nt interactions, 

when jet stati^ieMwe^Sif^ngir^f^f ? produc ® d interactions 

<^'«J were matched to fult. cafe V al„es! ° fl ° W * and the *«-*« 

Mach 1.0 at negatijrangLrof^tta^k? 0 " 813 ” 11 WltH angle ° f attack exce Pt near 

•Ola yawing noJnts' f^omX^rlxont^ cXo 1 n«trof°thc‘^tust! ld<!d faVOr ' 

tions at all°tech B n^?8. 0f 1 nioard'^oi rd flri ? g nozzles reduced the interac- 
reduced the interactions « supersonic 7ST n ^ UPWard firi "« *«S2 
at subsonic Mach numbers. P * ^ h numbers and increased interactions 

interactions. 100 ° f COntro1 sur faces had no appreciable effect on the 
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APPENDIX 


NOZZLE DESIGN 


Testing reaction controls on the M2 model required the simulation of hot 
gas jets in order to evaluate the aerodynamic interference caused by these 
jets. The flight vehicle reaction-control rockets use hydrogen peroxide as 
propellant. Decomposed hydrogen peroxide results in a mixture of superheated 
steam and oxygen. This mixture has a specific heat ratio of approximately 
1.27* a total temperature of 1013.9 K, and a gas constant of 374.9 N-m/kg-K. 

It is not possible to duplicate all these properties with a cold gas. For 
example, air has a specific heat ratio of 1.40 at 288.9 K and a gas constant 
of 287.3 N-m/kg-K. It Is seen that none of the values for air compare favor- 
ably with those of decomposed hydrogen peroxide. 

Jet simulation on a model involves two separate problem exercises. The 
problems are usually caused by the fact that the model jet is a different gas 
and has a different specific heat ratio than the full-scale jet. Because of 
this it is not possible to duplicate the full-scale jet in every respect. 
Therefore, the investigator must first evaluate the circumstances and deter- 
mine which of the full-scale jet characteristics are important and will affect 
the result of the investigation. Secondly, the investigator must select a 
propellant gas and design nozzles for the model such that the most significant 
of these important jet characteristics are duplicated. This is necessary, 
even after careful evaluation and selection of parameters, because all the 
desired jet characteristics cannot usually be duplicated. 

Evaluation of the M2 configuration (fig. 2(a)) indicated that the jet 
characteristics that influence jet-exit effects and upstream (windward side 
with jet exiting normal to a flat plate) interference effects are the most 
important. Jet-exit effects are generally considered to be those effects that 
are not influenced by jet-free-stream mixing action, usually a distance of the 
order of one or two jet diameters downstream, along the nozzle centerline, 
from the nozzle exit (sketch (a) below). 



effects could influence ttip ^ j a i * 

and upstream interference effects from pressures near the jets 

a: ssnr.^Tr -iT 2 - z * sss.-sls^ 

found ttot upstre» * ‘“IT* h (, “ footno “ »• “ fs 

duplicate than ate doSS£TSj£S l2> *5,2*1 *"“*“•*« to 

if only upstream fcffent-« am , °* ^ et ' effects. In other words, 

enact a. ”“ d “ “ 

=ss 

required ^lf 'j e^exit effect ^“tf ^“d^pUc.^d'^n J^'anf f^ale. 

si»i. R :!:rrn%to™d\:r?.^;u 1 : s r ' v ^. o «f“ 1 “ u8 rs *** uaed f ~ j« 

a strong re,uir»ent for the d^puSuo^f p!/p“ d f «»*/“) J* 

Jet-exit nonentu. «hen evaluating aerodyna^c lnwrfe^ence effete ^ 

2ss?s.l£syr"“" ln si “ utiOT st " dies *• ^ 


each on the jet plume is contained in reference fi Thn t.n rrect or 

a brief summary of the effect - of »>.« .. * following paragraph is 

mation the references, particularly referencrerSoSrL^LsuU^? 4 

ditions^ar^matched” ft T) “7““ 7' 7 f —ttea„ ton- 

ratio of the geses for the"^!^ fCn^Iifi"!^ TlTtL' 7““ 
desired that pj/p„, < {j ,Av), ft*/,) axit m Jn ^ R?)“ ^ d* }i 

s :r,d; rr :: 

thrust are all dependent on the value of D / D tL flow * mome ntu™. and 
plume-free-stream Interaction in both 1 j^t^it ^ 07 “'^^^' 

thd ‘-X-Uon^^tad 

area (proport ioifrto v M COnditlons ’ th f exit momentum per unit 

ential variables «Ltinf J to jeTexlsioT^i *'* ^ ^ in£lu ~ 

The exit momentum and ( Y M 2 /6)f affect Jhe lilt? f rodynaralc interference. 

*SJS“ “-.STiT.:" 
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Pj/Poo a n <i Y • The initial plume angle 6. must be matched between model and 
full scale in order to duplicate the jet-exit effects. Available data indi- 
cate that the value of (RT) . influences the rate of mixing between the plume 
and the free— stream flow ana is thus concerned with the interference caused by 
the jet-downstream region. 

The value of Pj/r,,, can be duplicated by control of total pressure to 
the jet nozzle and thus does not affect the design of the jet nozzle for the 
model. The requirement that the parameter (yM 2 /^ be duplicated dictated 
the exit Mach number and therefore the area ratio of the model nozzle. The 
requirement that 6j be matched determines the value of 0 N . The geometry of 
the nozzle is determined by these variables and the size is fixed by the 
model-scale factor. The exit momentum per unit area is fixed once exit Mach 
number and Pj/ P(D are specified (for a given gas). The value of the product 
(RT)j was not simulated for this investigation. 

The value of the simulation parameters for model and full-scale condi- 
tions are compared in table 1. The estimated value of 5^ for model and full 
scale are compared as a function of p./p^ in figure 18. The slight differ- 
ence shown is caused by the effect of y on Av as a function of p./p 

*J 00 * 
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Assumes full-scale value of p = 2.117xl0 6 N/m 2 (307 psia) and is 
constant. c 
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(ft) Nodftl. 

Figure 1.- Model photograph* 
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(b) Front view of installed nodal. 
Figure 1.- Continued. 
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Figure 2.- Continued 
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(c) Nozzle exit locations. 


Figure 2.- Continued 










Figure 3.- Flight altitude range of M2-F2 flight vehicle. 
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Flguro 4.- Concluded. 
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Figure 8.- Continued. 
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Figure 8.- Concluded. 
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Figure 10.- The effect of 15° nozzle cant on the Jet Interactions: 
rr~- - 0.92, i„ - -20°, 6, - 35*. air. 
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Figure 10.- Continued. 
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(f) M - 1.7, Re - 1.44xl0 6 
Figure 11.- Concluded. 













EBMhhmmI 

ftwl 

■sl 

naHHOBI 

■H 

nH 


[•Til 



Left nozzle 
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(a) M = 0.6, p r = 1.6, Re = 1.20xl0 6 
Figure 15.- The effect of rudder deflection on the jet interactions: 
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Figure 16.- The variation of the jet interactions with 
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(b) M - 0.8, p r - 0.76, Re - 1.44*10 6 


Figure 16.- Continued. 
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Figure 16.- Continued. 













